Introduction
Petal, defined as occupying the spatial position outside of stamen but internal to sepal, is one of two nonreproductive organs of the flower. It is often large, showy, and pigmented, and contains specialized reflective papillate epidermal cells [1] . It also serves to protect the floral reproductive organs and to attract pollinators to ensure that pollination and fertilization occur.
Petal develops from primordium that is initiated on the floral meristem during the early stages of flowering [2 -4] . After petal primordia formation, they follow the process of cell proliferation and cell specialization to develop to mature petals. Mature petals are reflexed, exposing conical papillae cells on the adaxial surface of the blade [4, 5] . According to the ABC model, petal identity is established in the second putative whorl by class A, class B, and SEP genes. These genes are expressed in a ring-like pattern, and other factors are required for the proper arrangement of petal primordia in a floral meristem [6 -10] .
Polygalacturonase inhibitor-like proteins (PGIPs) belong to the large superfamily of the extracytoplasmic leucine-rich repeat (LRR) proteins [11] , which includes the products of several plant resistance (R) genes. In plants, LRR proteins play relevant roles both in resistance and development. Plants use the LRR fold for their 'immune' functions and the recognition of non-self-molecules [12] . Several plant resistance gene products or defense-related receptors display LRR motifs of the extracytoplasmic-type homologous to that of PGIP [12, 13] . The 10 LRRs of PGIPs are of the extracytoplasmic type (LxxLxLxxNxLT/SGxIPxxLxxLxx) and organized to form two b-sheets, b1 and b2 [14] . It has been shown that a single amino acid variation in b1 confers the ability to recognize a PG [15] , which implies that diversity in the LRR domain is crucial for determining recognition specificity toward pathogens. These data indicated that PGIP contributes to basal resistance to the pathogen and strongly support the vision that this protein plays a role in Arabidopsis innate immunity [16] . On the other hand, some PGIPs display the other important functions in plant development, hormone perception and in response to abiotic stresses [17] [18] [19] [20] .
PGIP genes have been identified in some plants, such as soybean, bean, and Arabidopsis. However, cotton PGIP genes are poorly understood, especially the role during anthesis. In this study, a gene (designated as GhPS1) encoding the PGIP with a typical LRR domain was isolated from cotton flower cDNA library. Our results revealed that the cotton PS1 gene is specifically expressed in petals.
Materials and Methods

Plant materials
Cotton (Gossypium hirsutum cv. Xuzhou142) seeds were surface sterilized with 70% (v/v) ethanol for 1 min and 10% (v/v) H 2 O 2 for 2 h, followed by washing with sterile water. The sterilized seeds were germinated on one-half Murashige and Skoog (MS) medium under a 16 h light/8 h dark cycle at 28-308C for 6-7 days. Roots, cotyledons, and hypocotyls were collected from sterile seedlings. Other tissues, such as leaves, stems, petals, anthers, ovules, and fibers, were derived from cotton plants grown in a greenhouse. The petal age (day-old) is calculated from the starting time when a flower bud just emerged in a cotton plant can be observed by naked eyes. For cold treatment, 17-day-old cotton flowers were collected and cultured in vitro on one-half MS medium under a 16 h light/8 h dark cycle under low temperature (8 -108C) for 4, 8, 12, 16 h, using flowers cultured on same medium under 288C as control. The petals were collected from the control and cold-treated flowers for RNA isolation.
Isolation of GhPS1 cDNA and its corresponding gene More than 4000 cDNA clones from cotton flower cDNA library [21] were randomly sequenced, of which one clone containing partial GhPS1 sequence was identified. For isolating the full-length clones of the GhPS1 cDNA, 2 Â 10 6 cDNA clones were screened with a a-32 P-dCTP-labeled probe (GhPS1 PCR fragment, 0.5 kb) generated using a random primer method (Prime-a-Gene Labelling System; Promega, MD, USA). The membrane filters (Hybond N, Amersham Biosciences, Buckinghamshire, UK) were hybridized with the labeled GhPS1 probe overnight in ExpressHyb solution (Clontech, Palo Alto, USA) at 688C, and were then washed with 0.1 Â SSC and 0.5% SDS for 30-60 min. The 32 P-labeled membranes were exposed to X-ray film at 2708C. Positive cDNA clones were selected for sequencing.
The GhPS1 gene was amplified from cotton genomic DNA by PCR with gene-specific primers (P: 5 0 -CTTGG ATCCATGGGGATCTTCTCCT-3 0 ; P2: 5 0 -GGGGAG CTC TTAGCAAGTCTTGAGT-3 0 ). PCR program is described as follows: DNA was denatured for 5 min at 948C, followed by 35 cycles consist of 948C for 1 min, 608C for 1 min, and 728C for 2 min, and a final extension at 728C for 10 min. The PCR fragment was completely sequenced.
DNA and protein sequence analysis
The open-reading frame (ORF) of GhPS1 gene and its deduced protein sequence were analyzed by DNASTAR software (DNAStar Co., MD, USA). The conserved domain was confirmed at NCBI (http://blast.ncbi.nlm.nih .gov/Blast.cgi). Sequence alignment and protein motif analysis were performed with ClustalW (http://www.ebi .ac.uk/clustalw/) and motif scan (http://myhits.isb-sib.ch/ cgi-bin/motif_scan). N-glycosylation of the putative GhPS1 was investigated using NETNGLYC (http://www .cbs.dtu.dk/services/NetNGlyc/). These PGIP protein sequences were aligned with the ClustalX program (http ://bips.u-strasbg.fr/fr/Documentation/ClustalX/), and then the evolutionary relationships of the eight PGIPs were determined by MEGA3.1 software (http://www .megasoftware.net/), which was based on majority-rule consensus from 500 bootstrap replicates. The deduced protein sequence was submitted to the web (http://www .cbs.dtu.dk/services/SignalP) to analysis its signal peptide (SP).
Homology modeling
The 3D models of the whole or some domains of the deduced GhPS1 protein have been built using the 3D structure 1OGQ chain 'A' as template [22] and SWISS-MODEL Workspace. Figures were generated using rw32b2a (http://www.37c.com.cn/topic/004/ netguide/zip/RasMol26.zip).
RNA isolation
Total RNA was isolated from petals, fibers, ovules, anthers, leaves, cotyledons, hypocotyls, and roots of cotton as described previously [23] . The concentration and purity of total RNA were determined by Nanodrop spectrophotometer and agarose gel electrophoresis.
Real-time quantitative RT -PCR analysis
The expression of the GhPS1 gene in cotton tissues was analyzed by real-time quantitative RT-PCR with the fluorescent intercalating dye SYBR-Green in a detection Cotton PS1 gene is specifically expressed in petals system (Opticon 2; MJ Research, Waltham, USA). A cotton polyubiquitin gene (GhUBI1) was used as a standard control in RT -PCRs [24] , as GhUBI1 expression is constitutive in cotton. A two-step RT -PCR procedure was performed in the experiments. First, total RNA samples (2 mg per reaction) purified with Qiagen RNeasy Mini kit according to the manufacturer's instruction were reversely transcribed into cDNAs using M-MLV reverse transcriptase according to the manufacturer's instructions. Then, the cDNAs were used as templates in real-time PCRs with gene-specific primers (P1:
. Real-time PCR was performed using the real-time PCR Master Mix (Toyobo, Osaka, Japan) according to the manufacturer's instruction. Relative quantitation of the target GhPS1 expression level was performed with the comparative Ct method. The relative value for the expression level of GhPS1 gene was calculated by Y ¼ 10 DCt/3.5 Â 100% (where DCt is the differences of Ct between the control GhUBI1 products and the target GhPS1 products, i.e. DCt ¼ CtGhUBI1-CtGhPS1). To achieve optimal amplification, PCR conditions for every primer combination were optimized for annealing temperature and Mg 2þ concentration. PCR products were confirmed on an agarose gel.
Northern blot analysis 3
0 -Untranslated region (3 0 -UTR) fragment of GhPS1 cDNA was prepared as a probe by PCR amplification. RNA samples (20 mg per lane) from different cotton tissues were separated on 1.2% (w/v) agarose-formaldehyde gels for 4-5 h and transferred onto Hybond-N þ nylon membranes by capillary blotting. Gene-specific probe was labeled with a-32 P-dCTP using the random primer method (Random Primer DNA Labeling Kit Ver.2; TAKARA, Dalian, China). RNA northern-blot hybridization was performed as described previously [23] . The membrane was exposed to X-film (Eastman Kodak, Rochester, NY) with two intensifying screens at 2708C for 1-3 days.
GhPS1:eGFP gene fusion construction and cotton transformation To construct GhPS1:eGFP vector, the ORF sequence of eGFP gene was cloned into pBluescript II SKþ vector to obtain an intermediate construct pSK-eGFP. Subsequently, 5 0 sequence (from þ1 to þ330) of the GhPS1 ORF, encoding a putative SP, B domain, and parts of LRR domain, was cloned into the pSK-eGFP vector at a position upstream of the eGFP gene, using primers P1 (5 0 -CTTGGATCCATGGGGATCTTCTCC T-3 0 ) and P2 (5 0 -CTTTCTAGACCGGTCGAGCTGAC AA-3 0 ). The constructed GhPS1:eGFP fusion gene was cloned into pBI121 vector at BamHI/SacI sites, replacing the GUS gene.
Hypocotyl explants of cotton (cv Coker 312) were transformed with chimeric GhPS1:eGFP fusion gene by Agrobacterium-mediated transformation as described previously [23] . After being subcultured for 3 months, the stable transformed calli with GhPS1:eGFP expression were selected. GFP fluorescence of the transformed cells was examined on an SP5 Meta confocal laser microscope (Leica, Wetzlar, Germany) with a filter set of 488 nm for excitation and 506-538 nm for emission. SP5 software (Leica) was employed to record and process the digital images.
Results
Isolation of GhPS1 cDNA and gene To identify genes that may be involved in flower development, over 4000 cDNA clones from a cotton flower cDNA library were randomly sequenced, of which one clone was identified to encode the partial sequence of a PGIP. Subsequently, we isolated the complete cDNA (designated as GhPS1, accession number in GenBank: ABO47744) by screening a cotton flower cDNA library. This cDNA is 1542 bp in length, including 1113 bp ORF, 5 0 -UTR, and 3 0 -UTR. GhPS1 encodes a PGIP homolog with 370 amino acids (39.21 kDa, pI 5.77). At the nucleotide level, the ORF of GhPS1 shares 65.3% identity to CaPGIP (Cicer arietinum PGIP, GenBank accession No. 38566725), and 62.7% identity to AtPGIP (Arabidopsis thaliana PGIP, GenBank accession No. 9294409). They are highly conserved in the ORF of the cDNA sequence (Fig. 1) . Meanwhile, the GhPS1 gene was isolated from cotton genomic DNA by PCR with gene-specific primers. The result revealed that only one PCR band was found on a running gel, and the PCR fragment was harvested and sequenced. Comparing the sequences between the gene and its cDNA, we found that the GhPS1 gene does not contain any intron in its coding region (data not shown).
Structural analysis of the GhPS1 protein Analysis of protein structure revealed that the predicted GhPS1 polypeptide contains the typical LRR domain and other conserved motifs (i.e. N-glycosylation site, protein kinase C phosphorylation site, involucrin repeat Cotton PS1 gene is specifically expressed in petals position). GhPS1 protein is composed of four parts: an SP domain, B domain, LRR domain, and D domain [ Fig. 2(A) ]. As shown in Fig. 2(B) , the N-terminus of GhPS1 includes an SP (M 1 -A 24 ) and B domain (C 25 -P 67 ). B-domain, the N-terminal LRR-flanking domain, contains four homologous Cys residues (C 25 , C 56 , C 57 , and C 65 ) and two conserved Trp residues (W 51 and W 60 ), which could be essential for PGIPs activity. Fig. 2(B) ], which are possibly important for the activity of GhPS1. Cotton PS1 gene is specifically expressed in petals Sequence comparison revealed that GhPS1 shares the highest similarity (67.1% identity) with CaPGIP, and relatively high homology (59.7% identity) with AtPGIP. It also shares 57.6% identity with OsPGIP (Oryza sativa PGIP, XP_483242), but relatively low homology (25-57% identities) with other known plant PGIPs [ Fig. 2(B) ]. This conserved structure may be related to the maintenance of PGIP functions for plant defense and development.
To understand the protein structure in detail, we predicted the 3D structure of GhPS1 from ESyPred3D [22] . A 3D homology model of GhPS1 has been built by using the 3D structure 1OGQ chain 'A' as a template. We also used it to build the individual structures of the putative GhPS1 protein, including the B domain, the plant-specific LRR profile and the D domain. The whole modeling [ Fig. 3(A,B) ] is restricted to residues 24-370 of GhPS1, and the model lacks the SP located at the N-terminus of GhPS1. It shares 30.4% identity with the template sequence (using the ALIGN program). A 3D model of the B domain (C 25 -P 67 ) [ Fig. 3(C) ] has also been built using the 3D structure 1OGQ chain 'A' as the template. It shares 5.7% identity with the template sequence. A 3D model of the plant-specific LRR profile (I 142 -S 358 ) [ Fig. 3(D) ] has been built by using the 3D structure 1OGQ chain 'A' as the template, too. This template shares 24.5% identity with the sequence. But the D domain (N 359 -C 370 , NDCLCGNPLKTC) has no similar sequence of known structure, so that the ESyPred3D server cannot build a model for the domain.
Phylogenetic relationship of GhPS1 with the other plant PGIP proteins
To reveal the divergence of GhPS1 with the known PGIPs during evolution, the phylogenetic relationships of eight PGIPs from different plants were determined by MEGA3.1 software (Fig. 4) . These PGIPs can be divided into two subgroups. GhPS1 is located on the first subgroup of the tree, which displays that GhPS1 has the closest evolutional relationship with AdPGIP and CaPGIP, and relatively close relationship with OsPGIP. Whereas the other two plant PGIPs, AtPGIP and CmPGIP, occupy another branch of the tree, which suggests that GhPS1 might diverge earlier from these plant PGIPs during evolution.
GhPS1 gene expression is regulated in petal development
To explore the GhPS1 gene expression pattern, real-time quantitative RT-PCR analysis was performed. GhPS1 is specifically expressed in cotton petals. A little signal was detected in cotton hypocotyls, cotyledons, anthers, fibers, and ovules, but no signal was detected in cotton roots [ Fig. 5(A) ]. We further analyzed the GhPS1 expression in cotton tissues by northern blot hybridization. The result showed that GhPS1 gene transcripts Cotton PS1 gene is specifically expressed in petals were specifically accumulated in cotton petals, but no or a little signal of its expression was detected in other tissues [ Fig. 5(B) ].
To investigate whether expression of GhPS1 is regulated in petal development, further analysis for the expression pattern of GhPS1 during petal development was done. The experimental results [ Fig. 6(A) ] revealed that GhPS1 transcripts were detected at relatively low level (relative value of 78) in 7-day-old petals, but the expression of GhPS1 gene were gradually increased to a relative high level (relative value of 179) in 17-day-old petals, and reached to its highest level (relative value of 256) in 27-day-old petals just at anthesis. However, its expression activity was rapidly reduced to much low level in the senesced petals (28-day-old) [ Fig. 6(A) ]. These results revealed that the expression of GhPS1 is regulated in petal development and senescence of cotton. Additionally, the expression activity of GhPS1 was suppressed by low temperature [ Fig. 6(B) ]. After cold treatment for 16 h, its expression activity was reduced to the relative value of about 9, which suggested that GhPS1 might be sensitive and vulnerable under cold stress.
Subcellular localization of GhPS1 protein
For predicting its subcellular localization, the deduced GhPS1 protein sequence was submitted to the website (http://wolfpsort.org/). However, the bioinformatics analysis failed to disclose the targeting signal sequences for localizing to organelles in both N-and C-termini of the GhPS1 protein. To determine subcellular localization of GhPS1 protein, a GhPS1:eGFP chimeric gene was constructed under the control of a cauliflower mosaic virus (CaMV) 35S promoter. The fusion gene was introduced into cotton by Agrobacterium-mediated transformation, using the same vector only containing eGFP gene driven by CaMV 35S promoter as positive control. Total of four transformed cotton calli (cell lines) expressing GhPS1:eGEP fusion gene were selected on a selection medium. Real-time quantitative RT--PCR analysis revealed that the GhPS1:eGFP chimeric gene was expressed at high levels in the transformed cell lines, but its transcripts were not detected in the untransformed cotton calli (negative control), using an up-stream primer of GhPS1 gene and a down-stream primer of eGFP gene (Fig. 7) . GhPS1:eGFP chimeric gene transcripts were accumulated more in transgenic cotton calli line 2 than those in lines 1 and 3, and the transgenic cotton calli line 4 showed the highest level of GhPS1:eGFP expression among the four lines (Fig. 7) . Therefore, lines 2 and 4 were chosen for detecting GFP fluorescence. The transformed cells expressing GhPS1:eGFP fusion protein were plasmolyzed in 4% NaCl solution for 10 min, and then examined with a Leica confocal Cotton PS1 gene is specifically expressed in petals laser-scanning microscope. The experimental results revealed that the GFP fluorescence signals were detected on plasma membranes as well as in the cytoplasm of the transformed cells with GhPS1:eGFP expression (Fig. 8) .
In contrast, GFP fluorescence signals was found in all parts of the transformed cells expressing only eGFP gene, but the untransformed cells showed no GFP fluorescence (data not shown). The results suggested that the GhPS1 protein may localize on cell membranes as well as in cytoplasm.
Discussion
Many PGIP genes, which belong to LRR gene family, have been identified in plants so far. A study reported that two PGIP genes, PGIP1 and PGIP2, have been identified from raspberry (Rubus idaeus), and only one intron was found in raspberry PGIP1 gene [25] . Likewise, Arabidopsis PGIP1 and PGIP2 locate in direct tandem on chromosome 5, and each of them contains one intron interrupted its ORF at the same position [26] . In contrast, our result in comparing the sequences between cotton PS1 gene and its cDNA revealed that the isolated gene contain no intron in its coding region, unlike raspberry PGIP1 and Arabidopsis PGIP1/2 genes. The result implies that one intron has been deleted from the GhPS1 gene during evolution.
Previous study indicated that a cotton PGIP gene is predominantly expressed in seedlings and stems, and the purified cotton PGIP proteins include monomeric and dimeric molecules with molecular masses of 34 and 66 kDa, respectively [27] , which are much smaller than GhPS1 protein. The deduced GhPS1 protein contains an N-terminal SP and a typical LRR domain that exhibited two N-glycosylation sites, and the classical structure, like the known plant PGIPs [28] . Analyses of protein sequence and structure (Figs. 2 and 3) and phylogenetic relationship (Fig. 4) revealed that GhPS1 belong to LRR superfamily.
GhPS1 protein has the classic 3D structure just like other known PGIP proteins [14] . It shows a typical nonglobular LRR fold (Fig. 3) . At the concave (inner) side, the parallel putative b-sheet surface is curved and twisted in a right-handed superhelix, like the template structures. The parallel putative b-sheet could be divided into two parts: b1-sheet and b2-sheet [14] . It is at the two putative b-sheet surface, especially the b1-sheet surface, where specificity is determined by solvent-exposed residues [29, 30] . The putative a-helices Cotton PS1 gene is specifically expressed in petals of the LRRs provide the outer surface of the structure and act as wedges that cause curvature of the two putative b-sheet surfaces [ Fig. 3(A) ]. Furthermore, a wide negative pocket [ Fig. 3(B) ] is located in the middle of the inner concave surface of GhPS1 protein. The B-domain (C 25 -P 67 ) is compact and caps the hydrophobic core of the LRR [ Fig. 3(C) ], which accords with the results of hydrophobicity analysis of GhPS1 protein (data not shown). It suggested that this domain may play a role in the stability of the protein structure. The plantspecific LRR profile [ Fig. 3(D) ] may offer a place where protein -protein or protein-DNA specific interaction occurs.
Up to now, only a few genes that specifically expressed in petals were identified. The transcripts of a rose gene encoding the homologue of D9-desaturase were accumulated only in petals [31] . In chrysanthemum, expression of CmCCD4a was strictly limited to flower petals [32] . TGG3 was expressed specifically in petals and stamens of Arabidopsis thaliana [33] . Previous study indicated that OsFOR1 encoding a PGIP plays a role in the formation and/or maintenance of floral organ primordia [34] . Similarly, our study showed that GhPS1 gene is specifically expressed in cotton petals (Fig. 5) . Furthermore, the GhPS1 expression is developmentally regulated in petals [ Fig. 6(A) ], suggesting that GhPS1 might play a role in petal development of cotton. Additionally, as shown in Fig. 6(B) , GhPS1 expression activity was gradually reduced under cold treatment, suggesting that GhPS1 might be sensitive and vulnerable to low temperature. Previous studies indicated that some PGIP proteins are located in plant cell walls to limit the fungal invasion by interacting with PGs [35] , whereas GhPS1 protein may mainly localize in cell membranes as well as in cytoplasm (Fig. 7) , unlike the known PGIPs. Furthermore, our experimental results revealed that GhPS1 protein did not inhibit PG activity and consequently did not suppress growth of the fungus Verticillium dahliae (data not shown), suggesting that GhPS1 might play a role in cotton petal development rather than in disease resistance. Given the data together, our results contribute to the understanding of regulation of GhPS1 expression in cotton petals. However, the role of the GhPS1 gene in cotton petal development still remains to be explored in detail in the future. 
